Aim: The mechanisms underlying detection and transmission of sensory signals arising from visceral organs, such as the urethra, are poorly understood. Recently, specialized ACh-expressing cells embedded in the urethral epithelium have been proposed as chemosensory sentinels for detection of bacterial infection. Here, we examined the morphology and potential role in sensory signalling of a different class of specialized cells that express serotonin (5-HT), termed paraneurones. Methods: Urethrae, dorsal root ganglia neurones and spinal cords were isolated from adult female mice and used for immunohistochemistry and calcium imaging. Visceromotor reflexes (VMRs) were recorded in vivo. Conclusion: These morphological and functional findings provide insights into a putative paraneurone-neural network within the urethra that utilizes 5-HT signalling, presumably from paraneurones, to modulate primary sensory pathways carrying nociceptive and non-nociceptive (mechano-sensitive) information to the central nervous system.
Detection and transmission of peripheral sensory input to the central nervous system (CNS) are critical for proper organ function. Recent evidence highlights the importance of specialized non-neuronal sensory cells in the detection of peripheral stimuli. For example, in the skin, Merkel cells detect light-touch stimuli and directly synapse with sensory nerves to transmit this information to the CNS. 1 While the mechanisms underlying detection of peripheral somatosensory stimuli (such as touch or smell) are better understood, little is known about visceral stimuli. The urethra is an organ traditionally viewed as a conduit for elimination of urine from the bladder. It is composed of an epithelium lining the lumen, lamina propria with a prominent vascular plexus, smooth muscle and an outer layer of striated muscle (called external urethral sphincter). The urethra functions in coordination with the bladder: it remains closed during bladder filling to maintain continence and it relaxes during voiding to allow flow of urine. These processes are controlled by parasympathetic, sympathetic and somatic innervation. Parasympathetic nerves release nitric oxide to relax the urethra during bladder voiding, while sympathetic nerves release noradrenaline to contract the urethra during bladder filling. The striated muscle receives somatic innervation that contracts the muscle ensuring continence during bladder filling. Afferent nerves providing input from the urethra consist of Ab-, Ad-and C-type fibres, and travel to the spinal cord via the pudendal, pelvic and hypogastric nerves. [2] [3] [4] [5] [6] The afferents travelling in the pelvic and pudendal nerves enter the spinal cord at the lumbosacral levels (L6-S1 in mice) and those travelling via the hypogastric nerve enter at the thoracolumbar levels (T13-L2 in mice). 2, 3 Urethral afferents potentially encode various stimuli including flow of urine, distention, changes in osmolarity or pH, and inflammatory mediators. Studies in humans and animals have shown that urethral afferent activity plays an important role in bladder function and visceral sensations including pain/nociception. Humans can feel urethral distention, passage of a catheter, or warm fluid into the urethra, as well as pain, [7] [8] [9] [10] [11] and it is reported that sensations of imminent micturition originate from the urethra and may be related to increase in intra-urethral pressure. 9 Efficient voiding also critically depends on input from the urethra. In human volunteers as well as in animals, stimulation of urethral afferents by flow, urethral distention, electrical stimulation of nerve fibres, chemical and mechanical intra-urethral infusion of various irritants (e.g. acetic acid, capsaicin, catheters) activates spinal cord neurones and triggers CNS-mediated urethral to bladder reflexes that elicit and/or augment bladder contractions and contribute to efficient bladder emptying. 2, [7] [8] [9] [10] [12] [13] [14] [15] [16] [17] [18] [19] [20] Conversely, block of urethral afferent signals (e.g. using the Na + channel blocker, lidocaine) abolishes bladder contractions elicited by urethral distention or flow and greatly impairs voiding. 7, 8, 16 Based on these experiments, it has been proposed that the bladder contraction during voiding is maintained by a positive urethra-vesical feedback elicited by the continued flow of urine through the urethra as well as urethral distention. 7, 8 In pathologies, such as inflammation, it is believed that increased excitatory input from urethra contributes to pain as well as to bladder overactivity and symptoms of urgency and frequency. [21] [22] [23] [24] [25] For example, mechanical irritation of the rat urethra by catheter insertion 22 or placing latex strips into the urethra [23] [24] [25] produces a local neurogenic inflammatory response that involves capsaicin sensitive nerve fibres. Thus, there is clear evidence that stimuli that alter urethral afferent activity play an important role in bladder function, visceral sensations and pain/nociception. Yet, mechanisms underlying detection of urethral mechano-and/or chemosensory stimuli are not understood.
In the urethra, it may be expected that free nerve endings detect sensory stimuli; however, because the nerves may not reach the lumen where most sensory inputs originate, it is likely that stimuli are detected first by cells in the urethral epithelium, the cellular lining of the urethral lumen. The urethral epithelium is composed of several layers of cells forming an interface between the lumen and the underlying nervous, vasculature, connective and muscular tissues. 11 Besides epithelial cells, this epithelium contains other populations of cells, collectively called paraneurones (also named neuroendocrine, chemosensory or brush-like cells), identified by their transmitter content, including acetylcholine (ACh), 14 serotonin (5-HT) 14, [26] [27] [28] [29] [30] [31] [32] [33] or somatostatin. 32 Morphologically, some paraneurones are described as possessing dendrite-like processes spanning the epithelium, while others have an apical tuft of microvilli at the luminal surface of the urethra. The latter are also called 'open' paraneurones and are thought to respond to luminal stimuli. 29, 34 Although these specialized cells were identified decades ago and are present in many species, including human, their functional properties and physiological roles are nearly unknown. A recent study 14 characterized a population of ACh + paraneurones, possessing apical microvilli, expressing taste receptors (TRPM5) and located in the proximity to presumed afferent nerve fibres expressing nicotinic cholinergic receptors. These paraneurones release ACh in response to bitter chemicals, such as those produced by infecting bacteria. Because intra-urethral infusion of bitter chemicals (e.g. denatonium) increases bladder activity, it was hypothesized that ACh + paraneurones act as 'chemosensory sentinels' to monitor the lumen for potential hazardous content. 14, 35, 36 In this study, we characterize a distinct class of paraneurones which contain 5-HT and have an intimate anatomical relationship primarily with afferent nerves positive for calcitonin gene-related peptide (CGRP), substance P (SP) and TRPV1, suggesting that they serve sensory functions. Further, experiments mimicking the release of 5-HT from these cells demonstrate that 5-HT can activate urethral primary afferent neurones and associated spinal cord pathways. The results implicate urethral 5-HT + paraneurones in the detection of physiological and possibly noxious peripheral stimuli.
Results

Differential distribution and morphology of 5-HT + cells in the urethra
Staining for 5-HT of female mouse, whole-mount urethra revealed 5-HT + cells embedded in the epithelium and distributed throughout the length of the urethra (Fig. 1a ). There were no significant differences in the density of cells between the three regions of the urethra, proximal, mid and distal ( Fig. 1b ; n = 4 tissues; one-way ANOVA F(2,9) = 2.732, P = 0.118, followed by Tukey's multiple comparisons test among the three urethral regions; P > 0.05). However, there were significant differences in the morphology of 5-HT + cells along the urethral length. The majority of cells located in the mid-urethra had bipolar-like shapes, displaying elongated dendrite-like processes ( Fig. 1c-d) . The orientation of the processes was mostly circumferential around the lumen. Their total length, an estimated measure of epithelial span, ranged from~66.5 to 252.2 lm, with an average of 164.5 AE 11 lm (n = 23 cells; Fig. 1g-i ). Cells were also often positioned parallel to each other and some seemed to connect to each other (Fig. 1a) . In contrast, the majority of cells located in the proximal and distal urethra had multipolar-like shapes, displaying several short dendrite-like processes with random orientations across the width of epithelium (Fig. 1e-f ). The total length of processes ranged from~40.3 to 175.9 lm, with an average of 116.5 AE 9 lm (n = 20 cells) for the proximal urethra and from~42.2 to 165.6 lm, with an average of 103.5 AE 9 lm (n = 18 cells) for the distal urethra ( Fig. 1g-i ; data from 4 urethrae; one-way ANOVA, F (2,58) = 10.67, P = 0.0001; followed by Tukey's multiple comparisons test: P vs. M P = 0.0028 and D vs. M, P = 0.0002). Similar to previous studies in other species, these cells were confined within the epithelial layers, rarely penetrating into the subepithelial layer and were not found in the smooth muscle. Some cells displayed projections penetrating through the epithelium to the luminal surface (Fig. 2) . The protrusions were usually at the intersection of large epithelial cells (inset in Fig. 2f ). Regardless of morphology and location in the urethra, 5-HT + cells stained positively for the pan-neuronal marker PGP9.5, but not for the epithelial markers, cytokeratin 17 (CK17; Fig. 3 (Fig. 4) . In fact, CGRP fibres wrapped around the soma and dendrite-like processes of the 5-HT + cells with possible contacts (Fig. 4a-d ] i . 44 We next tested whether 5-HT 2 and 5-HT 3 receptors are involved in 5-HT-mediated increases in [Ca 2+ ] i in urethral afferent neurones. The non-selective 5-HT 2 receptor antagonist, ritanserin (1 lM), decreased the responses to 5-HT (1 lM), by~40%, in both populations and reached significance in the DiI population ( Fig. 5e ; DiI: paired t-test P = 0.025, n = 7 cells; nonDiI: paired t-test P = 0.1073, n = 13 cells). Similarly, the 5-HT 3 receptor antagonist, Y-25130 hydrochloride (1 lM), also decreased the responses to 5-HT (1 lM) bỹ 50%, and reached significance in the non-DiI Urethrae from three to six mice were used for each type of nerve fibre staining. All images are maximum projection of Z-stacks acquired with a 0.25-lm step using a 639 1.3NA glycerol objective.
population ( Fig. 5f ; DiI: paired t-test P = 0.1862, n = 8 cells; non-DiI: paired t-test P = 0.0097, n = 25 cells). While neither antagonist alone abolished the 5-HTinduced responses, when applied together, they significantly reduced them (from 28.1 AE 3.7 to 6.8 AE 1.7, n = 11 cells, two cells positive for DiI; paired t-test P < 0.0001). Together, these results indicate that multiple subtypes of 5-HT receptors are expressed in primary afferent neurones innervating the urethra as well as in other unidentified L6-S1 DRG neurones, and at least one population of capsaicin sensitive afferent neurones, presumably TRPV1 + , express 5-HT 2 and 5-HT 3 receptors.
Intra-urethral stimulation with 5-HT increases pERK in spinal cord neurones and sensitizes visceromotor reflexes (VMRs)
Painful stimulation such as noxious distention or irritation/inflammation of visceral organs (e.g. bladder/ colon) results in visceral hyperalgesia and is positively correlated with increased neuronal pERK expression in regions of the dorsal horn receiving visceral sensory input. [45] [46] [47] [48] [49] To further investigate a potential role of peripheral urethral 5-HT signalling in nociception, we applied 5-HT intra-urethrally (1 lM; 15 min) and evaluated pERK activation in neurones located in the L6 segment of the spinal cord, which receives urethral afferent input. As a positive control, we used acetic acid (AA; 1%), a noxious stimulus that increases c-fos expression in the spinal cord after infusion into the urinary bladder, via activation of capsaicin sensitive nerve fibres (presumed TRPV1 + ). 12 Regardless of treatment, few (between 0 and 3 cells per section; n = 20 mice) pERK + cells were detected in the L4 spinal cord sections, which do not receive visceral input. Similarly, a very low number of pERK + neurones (between 0-5 cells per section; n = 2 mice) was found in the L6 segments of mice that did not undergo any surgical or treatment manipulations. In animals receiving urethral infusion of saline (vehicle, n = 6 mice), pERK + neurones were observed in L6 segment in the dorsal horn areas receiving urethral afferent input (superficial dorsal horn) as well as in the sacral parasympathetic nucleus and dorsal commissure (Fig. 6a,e) . 12, 50, 51 Stimulation with either 5-HT (n = 9 mice) or AA (n = 5 mice) significantly increased the number of pERK + neurones, compared to the number after saline infusion (Fig. 6b ,c,e; oneway ANOVA F(2,15) = 4.59, P = 0.027, followed by Dunnett's multiple comparisons test between saline, 5-HT and AA; P = 0.030 and P = 0.033 respectively). VMR is a spinobulbospinal reflex triggered by distention of visceral organs. It is used as a surrogate for visceral hyperalgesia in rodents because it is sensitive to analgesics and augmented by distention into nociceptive ranges as well as sensitization of afferents by inflammation/irritation. [52] [53] [54] [55] To investigate whether peripheral 5-HT sensitizes afferent pathways activated by distention, we assessed the effect of intra-urethral 5-HT (1 lM) on VMRs during physiological intra-urethral distention (IUD) from 0 to 40 cmH 2 O (Fig. 6f) . We reason that during voiding, the urethra experiences pressures equal to bladder pressure necessary to expel urine, which in mice is~30-50 cmH 2 O. 56 Thus distention up to 40 cmH 2 O is likely not noxious. Responses quantified as area under the curve (AUC) were compared between intra-urethral infusion of saline, 5-HT and the positive control, AA (1%). In the saline group, graded distention of the urethra triggered VMR that did not significantly increase with increasing pressures, suggesting that nociceptive range had not been attained even at the highest pressure tested (40 cmH 2 O). In contrast, in both 5-HT and AA groups, VMR increased proportionally with pressure. In the AA group, VMR-AUC was significantly increased compared to saline group at 30 cmH 2 O and 40 cmH 2 O during IUD (oneway ANOVA Kruskal-Wallis test P = 0.026, followed by Dunn's multiple comparisons; P = 0.03, P = 0.02 respectively). In the 5-HT groups, VMR-AUC was significantly increased compared to saline group at 40 cmH 2 O during IUD (one-way ANOVA Kruskal-Wallis test P = 0.013 followed by Dunn's multiple comparisons; P = 0.04). Together, these results indicate that 5-HT and AA produced sensitization of pathways conveying mechano-stimuli, suggesting that peripheral 5-HT signalling can activate and perhaps sensitize mechano-sensitive afferent pathways.
Discussion
This study identified morphologically distinct nonepithelial 5-HT + cells, termed paraneurones, located in 3 receptors, activates pERK in lumbosacral spinal cord neurones receiving input from the urethra and sensitizes responses to mechano-stimulation (distention) of the urethra. These results suggest that peripheral 5-HT signalling could be involved in transmission of sensory information from the urethra to the CNS. Because 5-HT is expressed solely within the urethral paraneurones, which are anatomically positioned to sense the epithelial environment and exhibit a close relationship to afferent nerves, it seems reasonable to propose that these paraneurones function as important detectors and transmitters in the urethral sensory mechanisms. The exact nature of the stimuli, specific ion channels/receptors used by paraneurones to detect stimuli and mechanisms involved in paraneuroneafferent communication remain to be further investigated.
Urethral 5-HT + cells morphology
Previous studies investigated 5-HT + cells in the urethra of different species using transverse sections. 26, 27, [29] [30] [31] [32] [33] It is now clear that this methodology underestimates the morphological complexity of these cells as well as their relationships with each other and with nerve fibres; these characteristics are better captured using whole-mount preparations and confocal microscopy. Using this methodology, two morphologically distinct 5-HT + cell types that were also located in distinct areas were observed in the female mouse urethra. Bipolar-like cells with elongated dendrite-like processes were predominant in the mid-urethra, while multipolar-like cells with shorter processes oriented in various directions were predominant in the proximal and distal urethra (Fig. 1) . These cells were phenotypically distinct from epithelial cells, stained for a neuronal marker, and were not interstitial cell-like based on previous studies 57, 58 that did not identify c-kit or vimentin-positive cells in the urethral epithelium. Cells with similar morphology were reported in the urethra of different species, such as human, 27,31 dog, 29 cat, 59 guinea-pig 28 or sheep, 32 although phenotype and distinct anatomical location were not fully investigated.
In the female mouse, urethra 5-HT + cells were distributed uniformly throughout the urethra (Fig. 1) . In contrast, in the male rat, 5-HT + cells were densely distributed in the prostatic urethra, but sparsely distributed in the membranous and spongy parts of the urethra. 33 Together, these distinct morphological features and anatomical locations suggest that different classes of 5-HT + cells may detect different stimuli and likely serve different functions, which could differ based on sex. For example, bipolar cells with elongated dendrite-like processes which span a longer distance in the epithelium could be involved in sensing mechanical stimuli that may involve coordination across larger urethral areas (e.g. stimuli resulting from the urethral smooth muscle contraction/relaxation). Cells reaching the lumen may be involved in the detection of luminal stimuli such as flow, urine pH or osmolarity; cells that do not reach the lumen may be involved in sensing stimuli that affect deeper layers of the epithelium, including mechanical (e.g. distention, 
Relationship with afferent nerves and functional implications
Previous ultrastructural studies reported that paraneurones contain electron-dense granules, indicative of vesicles storing 5-HT and possible other transmitters. 28, 59, 60 Our data showed that 5-HT + paraneurones stain positively for the presynaptic marker synapsin I, a protein involved in linking synaptic vesicles to the cytoskeleton and regulating the number of available vesicles for release 37 (Fig. 4) . This suggests that these cells possess machinery needed for the release 5-HT. Once released, 5-HT can then act on neighbouring nerve fibres and/or epithelial cells (Fig. 7) . It is unknown whether urethral epithelial cells express 5-HT receptors and whether their activation would release transmitters (such as ATP) that can activate the afferent nerves and/or the paraneurones. However, the afferent nerves express several types of 5-HT receptors 41 and in other systems, 5-HT depolarizes C and Ad neurones, 40 modulates the excitability of visceral afferent C-fibres 39 (Fig. 6f) , suggesting sensitization of these pathways. Together, these data suggest that peripheral 5-HT can stimulate and perhaps sensitize afferent pathways that convey mechanical stimuli from the urethra to the CNS. The presence of TRPV1 + fibres in close proximity to 5-HT + cells (Fig. 4) and the demonstration that half of the urethral afferent neurone population responded to capsaicin and 5-HT (Fig. 5) suggest that peripheral 5-HT could also activate nociceptive pathways. In support, intra-urethral infusion of 5-HT activated pERK in the lumbosacral spinal cord neurones receiving input from the urethra (Fig. 6) . The MAPK pathway and ERK1/2 phosphorylation have been implicated in initiation and maintenance of nociceptive behaviour (i.e. inhibitors of ERK 1/2 reduce pain) in various models of somatic and visceral pain; [45] [46] [47] [48] [49] thus, it is likely they may serve similar roles in the urethral pathways. Alterations in 5-HT signalling play an important role in pathologies associated with pain in many systems. [64] [65] [66] They have been well documented in major gastrointestinal (GI) disorders such as inflammatory bowel disease, coeliac disease or irritable bowel syndrome and have been correlated with increased afferent signalling and pain sensitivity. [65] [66] [67] These alterations include changes in the number of 5-HT + cells (known in the gut as enterochromaffin cells), increased 5-HT release or increased 5-HT availability due to decreased expression of the serotonin transporter -SERT. [65] [66] [67] Like in the GI, some of the common urethral pathologies such as urethritis, inflammatory polyps or cysts, strictures and in some cases the use of catheters are also characterized by pain, inflammation of the mucosa and/or neurogenic inflammation. 23, [68] [69] [70] In rats, irritation of the urethra by mechanical stimulation due to catheter insertion induced neurogenic inflammation which was dependent on capsaicin sensitive nerves (i.e. systemic treatment with capsaicin to desensitize the nerves reduced the inflammation). 22, 24, 25 Our data showing that nerve fibres in close proximity to paraneurones stained positive for synapsin I suggest that the communication between nerves and paraneurones can be bidirectional (Fig. 7) , whereas the nerves can release peptides (CGRP, SP, NKA) that act on paraneurones and influence 5-HT release. Neurogenic inflammation is typically associated with increased release of peptides from the afferent nerves, which triggers the release of 5-HT and other mediators from the affected tissue, increasing neuronal excitability and contributing to pain. 71 Thus, in urethral pathological conditions associated with neurogenic inflammation, this could result in a positive feedback loop between paraneurones and nerves that could contribute to inflammation and pain. In summary, in pathologies, it is conceivable that changes in the properties of urethral paraneurones could augment afferent nerve excitability and alter lower urinary tract function and visceral sensations, including pain. A better understanding of the properties of these cells may lead to identification of new targets for treating disorders associated with pathological conditions in the urethra. 
Materials and methods
All materials included in this paper conform with recommendations from 'Good Publishing Practice in Physiology: Good publication practice in physiology.' 72 
Animals
Adult female mice C57BL/6J (5-8 weeks, 20-25 g; n = 69) were purchased from Jackson Laboratory (Bar Harbor, ME, USA). This study was performed in females only due to the large anatomical differences between male and female urethra. In the male, the urethra is comprised of three main segments prostatic, membranous and spongy (penile). Previous studies in other species (e.g. rat, dog, human, sheep) 29, [31] [32] [33] have shown the expression of serotonergic paraneurones in the male urethra. However, the distribution and density of these cells across different parts of the urethra may differ from female and also may differ across species; 29,33 thus, 5-HT paraneurones in male mouse urethra will be investigated in a future study. Concentrations of chemicals used in this study were based on reported IC 50 of antagonists and previous studies. 39 All drugs except for capsaicin were dissolved in water to prepare 1 or 10 mM stock solutions. Capsaicin was diluted in DMSO to 10 mM stock solution.
All drugs underwent further dilutions in the bath solution. Final DMSO concentration was < 0.01%.
Tissue collection and preparation for immunohistochemistry
Bladder, urethra and spinal cord segments (L4, L6 and S1) were collected from deeply anesthetized mice (5% isoflurane in O 2 ) perfused with phosphate-buffered saline (PBS) and 4% paraformaldehyde (PFA). Tissue was postfixed for 2-4 h in 4% PFA, immersed in 30% sucrose for 24-48 h, embedded in optimum cutting temperature compound (Tissue-Tek OCT, Sakura Finetek, Torrance, CA, USA) and cut at 8-20 lm thickness. For the urethra whole-mount staining experiments, tissue was collected from mice perfused only with PBS. Urethrae were dissected out, cut open, pinned down flat and postfixed in 4% PFA for 1-2 h. Tissues were washed with PBS, incubated with permeabilizing/blocking solution (0.5% Triton X-100 and 10% donkey or goat serum), followed by the primary antibody (24 h at 4°C) and secondary antibodies (Alexa Fluor 488 or 555; 1 : 1000; 2 h at room temperature; Life Technologies, Carlsbad, CA, USA). Table 2 summarizes primary antibodies used in this study. Nuclei were counterstained with DAPI (4 0 ,6-diamidino-2-phenylindole, 1 : 2500, Thermo Fisher Scientific Corporation, Pittsburgh, PA, USA) or TO-PRO-3 Iodide (TOPRO; 1 : 1000; Thermo Fisher Scientific Corporation) added with the secondary antibodies. Some tissues were counterstained with phalloidin, a stain for F-actin filaments, conjugated with rhodamine or FITC (1 : 1000; Thermo Fisher Scientific Corporation) to label the epithelium. The slides were mounted in medium ProLong Gold Antifade Reagent (Thermo Fisher Scientific Corporation). Control experiments were performed by omitting the primary antibody.
Confocal microscopy and image processing
Images consisting of single optical sections were taken with a Leica DM6000B upright fluorescent microscope equipped with 59 0.15NA air objectives using VOLOCITY 4D software (Perkin Elmer, Waltham, MA, USA) or a BX-62 Olympus upright fluorescent microscope equipped with 109 0.4NA and 209 0.7NA air objectives using HCIMAGE software (Hamamatsu Photonics, Bridgewater, NJ, USA). Confocal imaging was performed using an inverted confocal Leica TCS SP5 CW-STED microscope equipped with an HCX PL APO 639 1.3NA glycerol objective and the appropriate lasers. The photomultipliers were set at 600-1200 V, and 8-bit images were collected using 4-8 line averages combined with 4-8 frame averages. Serial 0.13, 0.25 or 0.5 lm Z-sections were acquired and images imported into VOLOCITY 4D software or IM-AGEJ (National Institutes of Health, Bethesda, MD, USA) for image reconstruction and quantification. Images presented here are single optical sections, maximum projections of Z-stacks (projected by maximal fluorescence intensity) or 3D reconstructions of Zstacks assembled using VOLOCITY 4D software.
Quantification of 5-HT + cells and length of cell processes
The whole-mount urethral tissue was divided into three parts: proximal (P), middle (M) and distal (D), relative to the bladder neck. The width and length of each part of the urethra were~2.5-3 mm (Fig. 1 Urethra stimulation for assessment of phosphorylated extracellular signal-regulated kinases (pERK) in the spinal cord ERK is a member of the mitogen-activated protein kinase (MAPK) superfamily. Acute noxious peripheral stimuli, such as capsaicin, acetic acid and inflammation, activate primary afferent nerves and induce phosphorylation of ERK in neurones in the spinal cord areas receiving primary afferent input. [45] [46] [47] [48] [49] In these experiments, we used pERK assessment to determine whether peripheral stimulation of the urethra with 5-HT (mimicking 5-HT release from paraneurones), activates spinal cord pathways. Under urethane anaesthesia (1.5 mg kg À1 , i.p., Sigma-Aldrich; n = 22 mice), a laparotomy was performed and the bladder cut open at the dome. A PE50 catheter was inserted and advanced into the urethra, approx. 2 mm from the bladder neck and secured with a 5.0 suture (schematic in Fig. 6d ). Urethra was perfused with either saline (0.9% NaCl; n = 6 mice), acetic acid (AA, 1%; n = 5 mice) or 5-HT (1 lM; n = 9 mice) for 15 min at a rate of 0.1 mL min À1 using a syringe pump. The mice were then perfused with PBS followed by 4% PFA, and lumbosacral spinal cord segments L6, S1 receiving urethral afferent input, and L4 as a negative control, were dissected and processed for immunohistochemistry as described above. Tissue from two mice in which no surgical manipulations were performed was also collected. Previous studies suggested that 5-HT may diffuse through the epithelium, which has a lower resistance barrier compared to the bladder urothelium, and reach the sensory nerves. 73 However, we cannot exclude indirect effects due to 5-HT activation of epithelial cells which then release other transmitters that activate sensory nerves (Fig. 7) .
Quantification of pERK + cells in the spinal cord L6 and L4 segments
Images were taken with 109 0.4NA and 209 0.7NA air objectives using a BX-62 Olympus upright fluorescent microscope. A threshold function was applied to reduce background staining using background levels from the sections incubated without the primary antibody. The total number of pERK + neurones in regions receiving input from urethral afferents (superficial dorsal horn, sacral parasympathetic nucleus and dorsal commissure) 12 was counted in every fourth section in two to five sections per segment per mouse by an experimenter blinded to the treatment. The average for each mouse was calculated and used for data analysis. Statistical comparisons were made using one-way ANOVA followed by Dunnett's multiple comparisons test among the three experimental groups (saline -V, AA and 5-HT). In a limited number of experiments, co-staining with the neuronal marker Tuj 1 (Neurone-specific class III beta-tubulin) was performed to determine that pERK + cells are neurones.
Visceromotor reflexes (VMRs)
VMR recordings were performed as previously described. 52 The VMR is a spinobulbospinal reflex, and its assessment consists of electromyographic (EMG) recordings of the abdominal musculature in response to distention of a visceral organ, in our case the urethra. Mice (n = 12) received urethane anaesthesia (1.5 mg kg À1 , i.p.). Two fine-insulated silver wire electrodes (0.05 mm diameter, A-M Systems, Everett, WA, USA) with exposed tips were embedded and secured into the left abdominal external oblique muscle. The sampling rate was set to 1 kHz for the EMG channel. A PE50 catheter was inserted into the urethra through the bladder dome and secured at the bladder neck as described above (schematic in Fig. 6d ). The bladder was cut open to avoid any influences to the VMR. The catheter was connected via a three-way connector with a syringe pump and a pressure sensor, to infuse room temperature 0.9% NaCl and measure urethral pressure respectively. With urethra occluded, VMRs were measured during intra-urethral distention (IUD) from 0 to 40 cmH 2 O in 10 cmH 2 O increments for a duration of 120 s per step. In control mice, the urethra was distended with the saline vehicle (n = 4 mice). In the other animals, the urethra was first perfused with acetic acid (AA; 1%; n = 4 mice) or 5-HT (1 lM; n = 4 mice) for 30 min with urethra occluded, and then IUD conducted as described above, while maintaining AA or 5-HT within the urethra. Urethral pressure and VMRs were recorded by a data acquisition system (MP150; Biopac Systems, Goleta, CA, USA). For analysis, 10-s duration of the VMR area under the curve (AUC) during IUD was quantified for each level of urethral pressure. One-way ANOVA followed by the Dunn's multiple comparisons test was performed among the three experimental groups (saline, AA and 5-HT).
Dye labelling for identification of urethral primary afferent neurones
Urethral afferents were labelled by retrograde axonal transport of the fluorescent dye FAST DiI TM oil (DiID9,12-C18(3), ClO4; 1,1 0 -Dilinoleyl-3,3,3 0 ,3 0 -Tetramethylindocarbocyanine Perchlorate; Life Sciences cat # D3899, Thermo Fisher Scientific Corporation), a lipophilic fluorescent tracer, which is picked up by the nerves and retrogradely transported to the L6-S1 dorsal root ganglia (DRG), where the soma of primary afferent neurones are located. 74 Under isoflurane anaesthesia (2-3% in O 2 ), the bladder and urethra were exposed via a laparotomy. The dye was injected into multiple sites in the urethral wall (three to five sites, total volume 8-10 lL) using an insulin syringe. The injection sites were rinsed with saline to eliminate dye leakage and the incision sutured. All surgeries were performed in between 9 and 12 pm, and mice were allowed to recover on warm pads for 2-3 h prior to returning to the animal facility. The animals were treated with prophylactic antibiotic (Polyflex, 100 mg kg À1 s.c. 
Neuronal dissociation
Under isoflurane anaesthesia (5% in O 2 ), a laminectomy was performed and L6 and S1 DRGs were collected from eight mice injected with FAST DiI in the urethra. Ganglia were placed in Neurobasal A Medium (Thermo Fisher Scientific Corporation) with 5% B27 supplements and 0.5 mM L-glutamine, minced and enzymatically digested at 37°C for 10-20 min in Neurobasal A containing 1 mg mL À1 trypsin and 2 mg mL À1 collagenase type 4 (Worthington Biochemical, Lakewood, NJ, USA). The ganglia were then dissociated mechanically by trituration, washed with Neurobasal A and centrifuged three times for 5 min at 416G. The supernatant was removed and cells plated on polylysine-coated glass coverslips and kept in a 95% air and 5% CO 2 incubator at 37°C until recording. Cells were used within 4-24 h after dissociation.
Calcium imaging
Imaging was performed as previously described. ) to which bovine serum albumin (BSA, 5 mg mL À1 ; SigmaAldrich) was added to promote dye loading. Coverslips were placed on an inverted epifluorescence microscope (Olympus IX70) and continuously superfused with HBSS. Fura-2 was excited alternately at 340/380 nm, and fluorescence emission was detected at 510 nm using a computer-controlled monochromator running under HCIMAGE software. Drugs were dissolved in external solution and delivered via bath application using a gravity-driven application system positioned within close proximity to imaged cells. 
Statistical analysis
Results are expressed as mean AE SEM. Values for control vs. drug treatment were evaluated with statistical tests indicated in the text and figure legends, using GRAPHPAD PRISM 6 (GraphPad Software, La Jolla, CA, USA). P < 0.05 was considered statistically significant. * indicates P < 0.05; † indicates P < 0.01 and ‡ indicates P < 0.001.
